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Middle Eocene fossil trees located in the Cedar Creek drainage near Dome Mountain, 
Montana are described here for the first time. Vertical, horizontal, and inclined fossil logs 
were examined in the field. Tree ring sequences were analyzed in thin sections and slab 
sections prepared from 42 stumps and logs. Both in situ and transported woods are 
preserved in a 136 m volcaniclastic section dominated by coarse subaerial debris flow 
deposits and fluvially reworked debris flow deposits. A northwest to southeast 
paleocurrent direction, indicated by the orientation of horizontal trees, is similar to 
inferred paleocurrent directions in contemporaneous strata of Yellowstone National Park. 
Paleoclimate data from this study and studies of northern Yellowstone National Park flora 
reveals a seasonal climate, defined by the presence of growth rings in coniferous 
specimens. Early wood and latewood is well developed in tree ring sequences. Early wood 
to latewood transitions are generally gradual. This indicates a gradual change from 
optimal growth conditions to dormancy conditions, consistent with the highly seasonal, 
cool-temperate climate indicated by the fossil assemblage itself. Calculated latewood to 
earlywood ratios average 0.15. Mean sensitivity values average 0.31. Immature paleosols 
and weathering surfaces associated with fossil trees were also examined. X-ray diffraction 
analysis reveals a high proportion of X-ray amorphous mineraloids, reflecting the volcanic 
parent material. Two moderately developed paleosol horizons contain smectite, 
indicative of an arid to semiarid climate.
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Introduction
The presence of a “fossil forest” containing diverse Eocene flora has been 
recognized in volcaniclastic and alluvial strata of the Yellowstone region since these 
rocks were first reported by members of the Hayden expedition in 1870 (Lesquereus, 
1872; Jones, 1874; Holmes, 1883; Knowlton, 1896,1899; Fisk, 1976). Fossil trees 
located throughout northern Yellowstone National Park and the Gallatin National Forest 
are collectively known as the Gallatin Petrified Forest. Since Hayden’s initial scientific 
expedition, numerous studies have focused on locating and surveying the variety of 
plant and fossil tree species in an effort to better understand Eocene paleoenvironment 
(Knowlton, 1914; Read, 1933; Andrews, 1939; Andrews and Lenz, 1946; Sanborn,
1951; Ritland, 1968; Dorf, 1974; Simons, 1983; Mohlenbrock, 1989).
Prior to 1979, studies concentrated on trees preserved in easily accessible sites 
in north-central Yellowstone National Park. Fisk ( 1976) reviewed geological and 
paleobotanical observations made throughout the Gallatin Petrified Forest. He noted 
the lack of previous work in the northwest section of Yellowstone National Park and 
sites outside the Park’s boundaries, in the Gallatin National Forest. This paucity of 
work persisted until the late 1970’s despite documentation of the presence of 
impressive horizontal and vertical trees at these sites (Sanborn, 1951).
Studies since the 1970’s have focused on flora located within Yellowstone
National Park, (Fritz and Fisk, 1978; Ammons et al., 1987; Arct, 1991). Relative to
1
earlier work, these studies have broadened in scope, incorporating sedimentoiogicai 
(Fritz, 1980b), palynological (Chadwick and Yamamoto, 1984), and dendrological 
techniques (Arct, 1991) in an effort to distinguish between vertical trees preserved in 
situ and trees transported and preserved upright. Since the initial attempt to correlate 
tree ring signatures using “floating” chronologies (Fritz and Fisk, 1978), dendrological 
techniques have been successfully applied to fossil trees in the Yellowstone region 
(Arct, 1979, 1991; Ammons et al., 1980, 1987; Arct and Chadwick, 1983). Utilizing 
dendrochronology, researchers documented that vertical trees at certain sites were 
coeval and consequently reflect environmental factors which persisted during the time 
of their growth
The location of middle Eocene fossil trees north of the OTO Ranch in the Cedar 
Creek drainage of southern Gallatin National Forest, Montana (Figures 1 and 2) was 
first described by a park ranger (Sanborn, 1951) Though this report documents the 
presence of abundant prostrate and vertical trees “eroding out of the cliffs,” the purpose 
of the report was to describe access to the site. Since Sanborn’s reconnaissance visit 
these fossil trees had only been examined by tourists and curiosity seekers and remained 
essentially unstudied until the present investigation (Amidon et al., 1996). The flora at 
Cedar Creek is part of the Gallatin petrified forest which contains a superbly preserved 
series of upright trees consisting of a variety of conifers and hardwoods (Fisk, 1976).
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Figure 2. Portion of Dome Mountain Quadrangle (U.S.G.S., 1986) showing study site boundaries.
The objective of this study is to acquire additional data relating to climate that 
persisted during the growth of middle Eocene trees from the Gallatin Petrified Forest. 
This study reports the results of growth ring analysis performed on trees located on a 
west-facing slope north of the Cedar Creek drainage (Figure 2). Sedimentology of strata 
encasing fossil trees is described and mineral analysis of paleosols associated with 
vertical in situ trees is presented.
This study is important for three principal reasons. Firstly, it is presently the 
only study to apply paleodendrological techniques to fossil trees in the Gallatin 
Petrified Forest outside of Yellowstone National Park. A comparison and discussion of 
the significance of middle Eocene paleoclimate for locations in and outside of the 
Yellowstone National Park is also presented.
Secondly, this study is an important contribution to the regional climate 
database, in that it provides a high resolution record (annual scale) of paleoclimate in the 
continental interior of North America (Mifflin, 1964). Analysis of Eocene floral 
assemblages from Yellowstone National Park indicate a range of cool-temperate to 
tropical climatic conditions (Ritland, 1968; Dorf, 1974; Fisk, 1976; Yamamoto and 
Chadwick, 1982; 1983; 1984). This range of climatic conditions differed from the 
generally mild humid tropical conditions that characterized the northern Rocky 
Mountain region during the middle Eocene, as suggested by the presence of Eocene 
tropical flora in Wyoming (Knowlton, 1922), the extensive development of widespread 
anoxic lakes across Wyoming and Utah (Picard, 1985), and the presence of lateritic
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paleosols in southwest and eastern Montana (Thompson et al., 1982; Retallack, 1994). 
Thus, the regionally warm, humid climate of the Eocene western interior appears not to 
be the only climatic signature recorded by flora in the Yellowstone Park region. Rather, 
the Yellowstone flora was likely responding to local microclimates which may have 
been modified by short-term climate fluctuations and/or variations in paleoaltitude. The 
addition of dendrology data from high altitude sites will further the understanding of 
seasonality and ranges exhibited by Eocene paleoclimate.
The third reason for conducting this work is to describe paleosols and weathered 
surfaces and to analyze paleosol minerals associated with these horizons. Clay minerals 
within tree-bearing formations elsewhere in the Gallatin Petrified Forest have yet to 
shown to be pedogenic. Fritz documented the stratigraphy of the Lamar River 
Formation in north-central Yellowstone National Park and described in detail the 
relationship between preserved trees and the tree-encasing sediment (Fritz, 1980a,
1980c). Fritz ( 1980a, 1980c) described discontinuous organic rich layers (“organic 
zones”) commonly associated with in situ trees. Retallack (1981) examined the same 
strata and suggested that the layers may represent an immature soil, based on color 
changes. Both Fritz and Retallack acknowledged the need for paleosol characterization 
and clay mineral analysis to differentiate weathered horizons from organic litter 
deposits (Retallack, 1981). In addition to characterizing organic litter and immature 
paleosols, mineral analyses conducted in the present study will provide paleo-
7
precipitation data (Barshad, 1966; Singer, 1979/1980,1984; Thompson et a l, 1982; 
Curtis, 1990).
Geologic Setting
This study site is located in the Beartooth Range located in southwest Montana 
(N 49°9’30”, W 110° 4730") (Figure I). The Bearthooth Range is composed of 
volcaniclastic sediment, initially derived from two volcanic belts (Figure 3) (Chadwick, 
1970; Fritz, 1980c; Meen, 1988). These volcanic belts were active during the Eocene 
and have since been deeply eroded. Deposits resulting from these volcanic belts are 
collectively known as the Absaroka Volcanic Supergroup (Smedes and Prostka, 1972). 
Potassium/Argon dating of biotite from dacite stocks that cut both the eastern and 
western Absaroka belts constrain the age to 49.5 -  1.7 Ma (Smedes and Prostka, 1972; 
Shaver, 1978). This correlates with Eocene dates (late Wasatchian to early Bridgerian) 
of floral assemblages within sedimentary units of the Absaroka Volcanic Supergroup 
(Smedes and Prostka, 1972).
The Washburn Group is the lowermost member of the Absaroka Volcanic 
Supergroup (Figure 4). The Lamar River Formation, Sepulcher Formation, and Hyalite 
Peak Volcanics are contemporaneous with the Washburn Group (Smedes and Prostka, 
1972). These formations are characterized by near-vent lava flows, breccia flows, 
mudflows, avalanche debris flows, and welded tuffs which grade laterally into and 
interfmger with well bedded, epiclastic deposits (Smedes and Prostka, 1972). Epiclastic 
units were likely deposited as paleovalley fill, flanking Eocene composite 
stratovolcanoes (Fritz, 1980a). These strata preserve an abundant and uniquely diverse
8
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belts and the locations of select fossil tree sites. Modified from Fritz ( 1980).
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Figure 4. Stratigraphie correlation of the Absaroka Volcanic Supergroup in 
Yellowstone National Park and Gallatin National Park. All units of the Washburn 
Group contain upright and horizontal fossil trees. Modified from Fritz (1980) and 
Smedes, et al. ( 1972).
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collection of Eocene flora. “Fossil forests” within these formations have been well 
documented (Knowlton, 1914; Dorf, 1974), however, comprehensive studies have been 
limited to sites within Yellowstone National Park boundaries.
Sedimentoiogicai evidence from the Lamar River Formation in northeast 
Yellowstone National Park indicated that a “complex alluvial system” resulted in the 
transportation of cool-temperate high altitude plant debris to tropical, lower elevations 
(Fritz, 1980c). This caused a mixed assemblage of fossil flora which led early workers 
to conclude that Eocene flora maintained a higher climatic tolerance than observed in 
their modem counterparts (Dorf, 1974). Evidence supporting the transport theory 
includes broken and eroded roots, lack of roots penetrating strata, debarked trees, mud 
encased trees, and a high proportion of horizontal trees relative to vertical trees (Fritz, 
1980a).
Specimen Creek and Specimen Ridge, located in the northwest and north-central 
parts of the Yellowstone Park, respectively, contain debris flow deposits of the 
Sepulcher Formation and Lamar River Formation that preserve a high percentage of 
vertical fossil trees (Ritland, 1968; Ammons et al., 1987). Fritz (1985) documented the 
ratio of horizontal and vertical trees within distal mudflow deposits initiated by the 
1980 Mt. St. Helen eruption. He observed an increasing percentage of vertical trees 
with increasing distance and concluded that prostrate trees were initially transported 
some distance, then deposited horizontally among in situ trees which were not
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incorporated into the flow (Fritz, 1980b). Applying this interpretation to sites with a 
high percentage of vertical fossil trees within the Gallatin Petrified Forest, Ammons et 
al. (1987) concluded that these fossil forests likewise grew in low-energy valley 
sections, distal to a volcanic sediment source. Using a “floating chronology” (Arct and 
Chadwick, 1983; Ammons et al., 1987), tree ring sequences from fossil trees at these 
sites were well correlated, suggesting that a number of vertical trees were contemporary, 
supporting Fritz’s in situ forest interpretation (Fritz, 1985; Ammons etal., 1987). To 
further test the idea that some trees are preserved in situ, detailed sedimentology and 
tree orientations were recorded at the Cedar Creek site.
Currently classified as part of the Sepulcher Formation, Cedar Creek deposits 
have yet to be correlated with those of Yellowstone Park (Fisk, 1976). Lack of 
stratigraphie continuity makes correlation between formations difficult, although studies 
proposed for the northern and central parts of the Absaroka Range may establish a 
correlation between epiclastics of the Hyalite Peak Volcanics and deposits to the south 
(Schmitt, 1996, per. comm.). The sedimentoiogicai character of strata encasing the 
Cedar Creek Petrified Forest is similar to that of the Hyalite Peak Volcanics 
(McMannis and Chadwick, 1964; Stanley, 1972; Hiza, 1994), the Sepulcher Formation 
(Smedes and Prostka, 1972), and the Lamar River Formation (Fritz, 1980c). 
Reconnaissance mapping by a number of workers (Smedes and Prostka, 1972) suggests 
that deposits in the southern Gallatin National Forest (including the Cedar Creek site)
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are part of the Sepulcher Formation, although there is no specific evidence to support 
this conclusion. Until more conclusive studies are conducted on the regional 
architecture of Eocene wood-bearing strata in the Yellowstone area, the Cedar Creek site 
remains tentatively classified as part of the Sepulcher Formation.
Sedimentology
Field methods
The relative positions of fossil trees and organic litter horizons were recorded on 
a two-dimensional sketch of the outcrop face (Figure 5). This was done with the aid of 
a 300 m measuring tape, a 1.5 m Jacob staff, a Brunton compass, and modified plane 
table techniques (Compton, 1985). Figure 5 illustrates the relative sizes of trees and the 
continuity of bedding planes and organic litter horizons.
In order to document the sedimentology and stratigraphy of the tree-bearing 
units at Cedar Creek three stratigraphie sections, approximately 150 m apart, were also 
measured (Appendix A and Plate 1). All stratigraphie units are subhorizontal, and dip 1 
to 6° to the southeast, probably as a result of regional tilting (Mifflin, 1964; Simons, 
1983). In each section, sedimentary textures and structures were examined on a meter 
scale. Grain and clast size, sorting, rounding, and proportion of matrix were noted, as 
was to the nature of bedding contacts.
Paleocurrent direction indicators are limited to fossil tree orientations. Tree 
orientations were placed into two general categories, upright and prostrate. Prostrate 
trees lie at an incline or are horizontal. At the Cedar Creek site, there are few (13) 
inclined trees The plunge of the inclined horizontal trees was typically less than 30°,
14
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P Paleosol sample location
15m
Figure 5, Outcrop face sketch. Illustration shows position, relative size, and orientation of fossil 
trees relative to one another V (vertical) or H (horizontal) indicate general tree orientation; 
numbers 1 to 131 correspond to the order in which trees were described in the field. FL indicates 
sites with abundant fossil leaves. Numbers following FL indicate flora sample identification 
number. Growth ring analysis was performed on trees designated with an asterisk. Paleosol 
sample sites are indicated by "p" after the associated tree identification number. Apparent 
truncation of bedding planes is caused by slope cover. Much of the outcrop consists of 
conglomerate and slope cover, both have been omitted for clarity.
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with few exceptions (Appendix B). Horizontal tree orientation data were plotted on 
rose diagrams using Stereonet 4.9.5a (Allmendinger, 1988-1995).
Sedimentology at the Cedar Creek locality
Epiclastic deposits at Cedar Creek are predominantly massive, consisting of 
angular to subrounded coarse volcanic and lithic clasts. They display variable grading, 
grain size distribution, clast lithologies, and mode of clast support. Most of the 
deposits are tabular, nonerosive and continuous at the outcrop scale (Figure 6). Bed 
thickness varies from 5 cm to 10 m, but is commonly 1 to 5 m. Sharp contacts between 
deposits are generally nonerosional and planar, with few amalgamation surfaces. 
Stratified layers of tuffaceous coarse grained sandstone are interbedded with coarse 
grained deposits throughout the section (Figure 6). These layers constitute only a small 
proportion of the total lithology, but preserve an abundant collection of organic material 
and pedogenic features. Several of the sandstone layers show small scale sedimentary 
structures, such as low angle trough cross-stratification.
Description and interpretation o f  coarse grained mits:
Coarse grained units are dominated by massive, poorly sorted, matrix to clast
supported conglomerate (Figure 7). Clasts range in size from cobble (commonly 4 cm)
to boulder (up to 3 m in diameter), and are subangular to subrounded (Figure 8). Clast
types include basalt, andésite, scoria, pumice, and fragments of fossil wood. In places,
clast lithology is monolithic, frequently consisting of andésite or basalt. The matrix
18
Figure 6. Massive conglomerates are interbeded with coarse sandstone, and are 
interpreted to be debris flow deposits.
19
Figure 7. Massive poorly sorted matrix supported conglomerate. Arrow points 
to the non-erosive base.
20
Figure 8. Debris flow deposits with amalgamation surfaces (position shown by 
arrow). This unit consists of poorly sorted matrix to clast support conglomerate. 
Note the boulder, designated by B, at the top of photo.
21
consists of poorly sorted fine to coarse sand with variable amounts of silt and clay. 
Matrix color varies from gray, tan, brick red, brown, to green. Bedding contacts are 
continuous and nonerosional.
These sediments are interpreted as subaerial volcaniclastic fan deposits resulting 
from a variety of debris flow processes (Smedes and Prostka, 1972). Poorly sorted 
clasts and matrix suggest that these deposits resulted from nonNewtonian, laminar flow. 
The poorly sorted fabric likely resulted from cohesive freezing of sediment (Smith, 
1986). Matrix supported deposits suggest the flows were cohesive and that matrix 
strength and buoyancy were the dominant clast support mechanisms (Lowe, 1979). 
Clast supported deposits may also be the product of a cohesive debris flow, in which 
the ratio of clast to matrix is too high to produce a matrix supported fabric (Smith, 
1986).
The nonerosional contact between bedding planes is suggestive of debris flow 
levees where deposits accumulated adjacent to aggrading, non-scouring channels. As 
debris moves downslope, clasts positioned at the front and sides of the flow were 
pushed aside by the advancing debris flow, leaving poorly sorted, clast supported 
sediment (Schmitt, 1996, per. comm ). Subsequent erosion by water and wind after 
deposition winnowed the fine sediment fraction, leaving a clast rich, locally clast 
supported deposit (Figure 9) (Blair and McPherson, 1992).
22
Figure 9a. Tabular non-erosive, poorly sorted sandstone (lens cap for scale).
Figure 9b. Closer view of prominent bedding plane shown in Figure 11. Note 
large clast on right side of photo protruding into overlying sandy layer. Sandy 
layer (designated by arrow) is interpreted to be reworked debris flow sediment.
23
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Conglomerate beds with vertical variability are massive, poorly sorted, and clast 
supported at the base. Clasts are subrounded to angular and less than 10 cm in 
diameter. These layers are generally less than 3 m thick. Middle and upper portions of 
these units become increasingly matrix rich. The vertical change in matrix proportion 
suggest the evolution of a noncohesive debris flow to a cohesive debris flow with matrix 
strength (Lowe, 1979).
Conglomerates with basal matrix support are poorly sorted with fine to coarse 
sand and silt matrix (Figure 7). Some layers exhibit inverse to normal grading within one 
bed. Variability in grading likely resulted from clast segregation within the flow during 
deposition (Denlinger, 1984). Clasts are typically 5 to 13 cm and occasionally reach up 
to 0.5 m in diameter. These matrix supported layers suggest deposition by laminar 
cohesive debris flow processes (Lowe, 1979; Smith, 1986).
Several units contain gravel with subtle, low angle trough cross-stratification 
(Figure 10). Troughs are up to 0.6 m wide. Clasts are rounded to subrounded with a 
maximum clast size of 9 cm, and consist of black and gray andésite, brown to black 
chert, and gray quartzite. The matrix consists of coarse sand with angular pebbles. 
These are interpreted to be water reworked debris flow sediments. Evidence in support 
of this interpretation includes grain-to-grain contact and traction transport structures 
(Smith, 1986). Because sedimentary structures are rare and poorly expressed in three 
dimensions it was difficult to collect paleocurrent data from these units.
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Figure 10. Rare low angle trough cross-bedding in poorly sorted pebbly coarse 
sand. This structure suggests that sediments were deposited by traction transport 
mechanisms.
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Description and interpretation o f fine grained units:
Debris flow deposits are interbedded with coarse sand and laminated organic rich
silt and mud layers, 1.0 cm to 4.0 m thick (Figure 11 ). Sandy units are generally 
massive to normally graded with medium to coarse sand, pebbles, and granules. Local 
erosional scours occur within some units. Deposits are poorly sorted with subangular 
to subrounded grairis and consist primarily of lithic volcanic fragments and volcanic 
glass. Some units contain rounded granule sized pumice fragments. These fine grain 
beds are suggestive of hyperconcentrated flow with sediment being supported by 
turbulence (Smith, 1986). The lack of cross-bedding and the geometry of these deposits 
suggests that channels were shallow and poorly confined (Blair and McPherson, 1992).
Horizontally stratified fine to coarse sand commonly contains pebbles and 
granules. Sand is normally graded, poorly sorted and locally contains rounded pumice 
or angular to subrounded andésite, basalt, and dacite clasts. These layers are thin and 
discontinuous, suggesting the presence of amalgamation surfaces. In addition to planar 
lamination, the deposits exhibit subtle low angle cross stratification in units 5 to 25 cm 
thick. These layers may have been deposited under normal stream flow conditions 
(Smith, 1986).
Fine grained silt and clay layers are horizontally laminated or massive and 
become more clay rich up-section. Units are thin (generally less than 50 cm) and 
exhibit a variety of colors (gray, tan, to white). Many massive coarse sand layers grade
27
A
Figure 11. Discontinuous sandy layer mantling underlying conglomerate. 
Sandstone layer is interpreted to have formed by the reworking of debris flow 
deposits.
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upward into laminated silt and mud These fine grained layers may have accumulated as 
a result of poorly confined channel flow or overland flow, which incorporated surficial 
sediment winnowed from debris flow deposits (Blair and McPherson, 1992).
The fine grained units contain abundant organic litter including twigs, needles, 
bark, and leaf impressions (Figures 12 and 13). The preservation and accumulation of 
organic debris may have resulted from sheet wash flooding and deposition. Fossil 
leaves and needles are best preserved in poorly lithified silty sands, which render 
sample extraction difficult. Studies using fossil leaves at this locality would be best 
conducted in the field.
Tree fragments, exhibiting both perimineralization and coalification, are 
preserved in both coarse and fine grained sediments. According to Yamaguchi (1995), 
debris flows can debark, shatter, or uproot trees as flows move downslope, 
incorporating bark, branches, and fragments of tree trunks, or entire trees. Thus, small 
tree fragments within conglomerate and sandy layers are interpreted to be transported 
and deposited as clasts by debris flows
Nature of the “fossil forest” at Cedar Creek
At the Cedar Creek locality, in place and transported vertical and prostrate 
fossil woods are well preserved and well exposed in all rock types. The largest tree is 
2.5 m in diameter (specimen # V31) exposed in poorly sorted matrix supported cobble
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Figure 12. Fossil leaves and twigs preserved in coarse grained sandstone.
Figure 13. Litter of fossil tree bark preserved in coarse grained sandstone.
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conglomerate. The longest length of tree exposed is 2.4 m ( V28), which is encased in 
poorly sorted matrix to clast support cobble conglomerate (Figure 14). Few trees 
contain borings (trace fossils), interpreted to be beetle boreholes (Figures 15 and 16) 
(Laws, 1996, per. comm ).
The Cedar Creek outcrop contains 54 vertical, 63 horizontal, and 13 inclined 
fossil trees (Figure 5). Roots or flared bases were noted in 16 vertical trees (Figure 17) 
(Appendix B). Trees with roots can be transported and deposited both vertically and 
horizontally (Fritz, 1980a, 1980c). The high percentage of vertical trees (41%) at the 
Cedar Creek site satisfies the proposed 10-20% vertical versus horizontal criterion 
described by Fritz (1985) (see Geologic Setting), to suggest at least some of the vertical 
trees are preserved in situ at the Cedar Creek site. Additional evidence supportive of an 
in situ forest includes lack of root abrasion (Fritz, 1980c), sedimentological evidence, 
such as successive burial of V49 (see Paleosol Analysis), and a tree trunk/root ratio >1 
(Fritz, 1985).
Orientation of horizontal fossil trees
Paleocurrent direction indicators in the Cedar Creek area are limited to horizontal 
tree orientations (Figure 18). The long axes of the trees are principally oriented 
northwest-southeast. Fewer trees are oriented northeast-southwest. The dispersion in 
orientation may reflect differences between trees that were partially or wholly 
suspended in a flow. Trees carried as part of the bedload tend to roll and orient
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Figure 14. Tall vertical fossil tree V28, 2.40 m in length and 0.90 m in diameter, is 
preserved in matrix supported conglomerate.
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Figure 15. Boreholes (from tree V I7) approximately 4.0 mm in diameter.
Figure 16. Boreholes (from tree H42) approximately 3.5 mm in diameter
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Figure 17a. Vertical tree (VlOO) 0.70 m in diameter exposed in a cave. A post 
Eocene rat midden covers the fossil tree on the right.
Figure 17b. Lateral roots of fossil tree VlOO penetrating strata. Length to root 
width ratio (trunk length/root width)is >1 indicating that this specimen was 
preserved in situ.
34
»
35
Equal Area 
Circle = 6 % 
N =  71 A
18b
Equal Area 
Circle = 100% 
N =  6
N
Figure 18a. Orientation of 71 horizontal trees. 
Figure 18b. Orientation of 6 horizontal trees.
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perpendicular to the flow direction, whereas trees carried in suspension tend to orient 
parallel to flow (Hendrix, 1997, per. comm.). Figure 18 b shows the orientation of 6 
horizontal trees (Figure 19) which were deposited during a single depositional event. 
These trees occur on the bedding sole of coarse fluvial tuffaceous sandstone. The 
northwest-southeast orientation of these trees coincides with the overall paleocurrent 
direction for the entire outcrop.
Orientations of horizontal petrified trees at the Cedar Creek site are strikingly 
similar to orientations for trees at Amethyst Mountain and Mount Homaday in 
Yellowstone National Park (Figure 20) (Fritz, 1985). Cedar Creek tree orientations are 
also similar to those found at Mount Norris (Fritz, 1985) and Specimen Creek (Coffin, 
1976) (Figure 20). In addition to sharing similar paleocurrent directions, all the sites 
contain some percentage of trees preserved in fluvial deposits.
In summary, coarse grained units at this site are interpreted to be subaerial 
debris flow deposits, resulting form a variety of flow processes (Smedes and Prostka, 
1972). Fine grained layers at this site were deposited by surficial winnowing, poorly 
confined channel flow, and overland flow (Blair and McPherson, 1992), and by normal 
stream flow conditions (Smith, 1986). The high percentage of vertical trees at this site 
indicates that a number of trees were preserved in situ. Trees showing signs of abrasion, 
however were likely transported by debris flow processes. Horizontal tree orientations 
at Cedar Creek suggest a subsidiary northwest to southeast paleocurrent direction with 
a northeast to southwest component. Similar paleocurrent directions were observed in
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Figure 19. Six similarly oriented logs preserved on the bedding sole of an 
overlying resistant coarse grained sandstone bed.
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Figure 20. Rose diagrams of vertical, horizontal, and inclined fossil trees from six 
Gallatin Petrified Forest sites. Taken from Fritz ( 1985) and Coffin ( 1976).
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the north-central and northwest sections of Yellowstone National Park (Fritz, 1985; 
Coffin, 1975).
Paleodendrology
Field methods
Before sampling, fossil stumps, logs, and branches were photographed and 
examined using a lOX hand lens Data regarding the physical nature of each specimen 
and a general description of encasing lithology were recorded. Tree orientation, 
diameter, exposed length, ring count, presence of roots and insect galleries, and encasing 
lithology are presented in Appendix B Total ring estimates, which correspond to the 
age of the tree, were extrapolated from ring counts on short, well exposed sections.
This was often necessary due to poor preservation of the central portions of trees, or 
the presence of lichen, moss, or iron staining which obscured large areas on the surface. 
Because the width of the central rings is usually wider than that of the outer rings 
(Carlquist, 1988) age estimates were made by counting rings from the outermost section 
of the tree to the center (pith) of the tree. Age estimates presented in Appendix B thus 
represent a minimum age. Horizontal fossil tree HI 28 records 808 years of tree growth.
The criteria for sampling fossil wood included tree accessibility, degree of tree 
preservation, tree age, and length of recoverable ring record. Where possible, fossil tree 
samples were taken from the outer perimeter of the trees along fractures to insure 
minimal destruction of the specimens and to capture any possible correlations in ring 
sequences among trees. Correlations in ring sequences between contemporaneous trees
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of varying ages are most likely to be found in sections of the outermost parts of the tree 
(Arct, 1991). An effort was made to avoid sampling compression and tension wood 
(zones where rings are narrower and wider than the mean ring width). Figure 21 
illustrates the relationship between tension wood and compression observed in fossil 
tree HI 29. Woods of this type reflect varying stress within a growing tree and are 
caused by external forces, such as prevailing wind direction (with compression wood 
growing in the direction of wind source) or gradient of substrate (with compression 
wood located in the upslope direction) (Zobel and van Buijtenen, 1989). Compression 
wood and tension wood were thus avoided during sampling due to their capacity to 
overprint climate influences.
In a few cases, conspicuous trees were inaccessible because of steep or unstable 
slopes. Limited information was recorded for these trees and samples were collected 
only when it was evident that fossil float originated from that specimen. When 
possible, these inaccessible trees were mapped and photographed, and general attitudes 
(vertical or horizontal) were recorded. Orientation of inaccessible horizontal trees was 
determined by sighting trend and plunge where possible.
Laboratory methods
Because wood from the trunk of a tree provides the most reliable environmental 
data, samples from fossil tree trunks were chosen for detailed laboratory analysis 
(Benson, 1994, per. comm.) Samples suspected to be roots or branches were not
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Figure 21. Horizontal tree H129 is 0.25 m in diameter. The closely spaced rings 
on the left portion of this specimen are compression wood. Tension wood is 
opposite the compression wood with wider rings.
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measured. Forty-two transverse thin sections and 6 transverse polished slabs were 
analyzed using magnifications up to 300X. Tree ring widths, the nature and transition 
of earlywood to latewood, and the presence of false rings were measured and noted.
Dendrology analysis
Growth ring analysis was initially applied to Quaternary and younger woods, 
and originally developed for environmental, geological, and archaeological chronology 
studies (Fritts, 1976; Clague, 1982; Jozsa, 1988; Détienne, 1989; Jozsa and Brix, 1989; 
Benson et al., 1992; Jozsa, 1993). Paleoclimate studies on wood ranging from Miocene 
to Jurassic in age have established that ring analysis also allows similar interpretations 
of fossilized wood (Francis, 1984, 1986; Parrish and Spicer, 1988,1990a, 1990b; Poole, 
1992; Prive-Gill, 1993; Kumagai et al., 1994). Unlike other fioristic paleoenvironmental 
indicators, such as floral or pollen assemblages, growth rings reflect yearly 
environmental changes.
Wood forms as the result of growth activity in the vascular cambium 
(Nadakavukaren and McCracken, 1985). Cell layers within the cambium grow in an 
inward direction translating xylem outward (Sala, 1997, per. comm ). The number and 
size of tree cells determine the width of a ring. Growth activity begins at the onset of 
favorable growing conditions such as temperate weather and adequate water or sunlight 
supply (Creber and Chaloner, 1984a). Wood cells produced during the growing season 
have a greater radial diameter and thinner cell walls due to rapid growth (Creber and
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Chaloner, 1984a). These cells are termed earlywood (Figure 22). With the onset of 
unfavorable conditions, such as cooler weather or reduced sunlight or moisture, cambia 
activity slows, producing thicker cell walls with smaller radii (Fritts, 1976; Creber and 
Chaloner, 1984a). These smaller growth cells are termed latewood (Figure 22). 
Together, earlywood and latewood record annual tree growth. The size of a growth ring 
can also be affected by factors such as age of the tree (as a tree ages, ring widths become 
progressively narrower) or competition for resources (such as water, sunlight, or 
minerals) which limit tree growth (Jozsa, 1988).
A ring boundary, in ring-porous wood, is a sharp contact between the last layer 
of latewood and the first layer of earlywood (Figure 22) ( Sala, 1997, per. comm ). Ring 
widths are determined by measuring the distance between ring boundaries . Successive 
ring measurements are customarily measured from the center outward (Phipps, 1985).
False rings, which resemble ring boundaries, are a narrow band of small, dense 
cells within a tree ring (Figure 22) (Panshin and De Zeeuw, 1970). False rings reflect a 
temporary cessation in growth due to environmental stress during the growing season, 
such as fluctuations in water supply, frost, pest infestations, or fire (Fritts, 1976). A 
false ring is distinguished by a progressive increase in cell size within a few cell layers, 
unlike ring boundaries which have an abrupt increase in cell size (Panshin and De 
Zeeuw, 1970).
Mean ring width and mean annual sensitivity are the statistical parameters of a 
ring width sequence most commonly used in growth ring analysis (Fritts, 1976; Creber
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Ring boundaiy 
Ring boundary
Figure 22. Thin section of fossil tree V56 illustrating growth ring characteristics. Ring
boundaries are defined by an abrupt difference in cell size. The direction of growth, in
this sample, is from bottom to top.
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and Chaloner, 1984a; Schweingruber, 1988; Yadav and Bhattacharyya, 1994). Both 
parameters reflect the response of tree growth to environment. Ring width indicates 
length of the growing season and growth rate. Mean ring width is the average of ring 
widths in a tree ring sequence, and is expressed as:
t=n
= 1/n X Xt
1
Where t is the total number of tree rings in a sequence, n is the ring number, and Xt is tree ring 
width (Fritts, 1976; Schweingruber, 1988).
Mean sensitivity calculations measure the average annual variations 
in a tree’s response to its environment. It is expressed as:
t=n-l
MS = 1/n-l % 2|(xt-n-xt)|/(xt+i+Xt)
t= i
Where t is the total number of tree rings in a sequence, n is the ring number, Xt is the 
width of a tree ring, and Xt+i is the width of the adjacent ring (Fritts, 1976; Creber and 
Chaloner, 1984a; Schweingruber, 1988; Arct, 1991; Yadav and Bhattacharyya, 1994; 
Keller, 1995). The term 2j(xt+i-X()|/( Xt+i+ Xt) describes annual sensitivity (Fritts, 1976). 
Wood with mean sensitivities less than 0.3 are termed “complacent,” indicating growth 
under favorable and uniform conditions. Wood with mean sensitivities greater than 0.3 
are termed “sensitive,” indicating growth under variable conditions. Variations in the
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annual growth width are associated with the circumference of the ring, the development 
of the crown, and the amount of competition with neighboring trees (Fritts, 1976).
Latewood to earlywood ratios are calculated by measuring the widths of 
earlywood and latewood. Ratios are expressed as:
Latewood to earlywood ratio = L / E 
where L= width of latewood and E= width of earlywood (Creber and Chaloner, 1984a). 
The proportion of latewood in a tree’s growth ring is affected by length of the growing 
season and water supply (Creber and Chaloner, 1984a).
Results and Interpretations
Rings width measurements and nature of earlywood to latewood transitions 
were examined in all 42 fossil tree thin sections. Of the 42 thin sections, only 15 were 
suitable for dendrological analysis. These samples consisted of coniferous wood with 
and without resin ducts (Panshin and De Zeeuw, 1970; Core et al., 1979). Identification 
of wood genera and taxon is tentative due to the lack of tangential and radial cross 
sections. Thin sections reveal a large amount of fracturing, and irregular ring boundaries. 
Sequences of fewer than 14 rings were not included in the analysis. For statistical 
purposes, thin section data were calculated separately from the 5 polished slabs because 
of their shorter ring sequences and smaller ring width means.
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The results of the growth ring analysis are summarized in Tables 1 and 2. The 
total number of rings measured, mean width of ring, earlywood, and latewood, and 
standard deviations are listed along with mean sensitivities and averages.
Individual ring widths range from 0.3 mm to 6.5 mm (Appendix C). Mean ring 
widths range from 0.6 mm (VlOO) to 3.1 mm (H90) and average 1.4 mm for thin 
sectioned samples. Figure 23 illustrates plots for 12 select ring width series, 
demonstrating moderate to high seasonal variability. Modem conifers growing in a 
limiting envrionment with persistent arid conditions have a mean ring width range of 0.6 
- 1.5 mm (Fritts, 1976). The relatively large ring width increments observed in Cedar 
Creek samples suggest moderate growth rates and/or a fairly long growth season. Mean 
ring width for the 5 polished slabs is 2.2 mm. The difference in ring width means may 
be a result of artificial bias during sampling, because thin sections were taken from 
samples with a high occurrence of rings in a short length, in order to increase the tree 
ring sequence sample size. Polished slab measurements were performed on samples 
with a large number of tree rings regardless of the length interval.
Mean sensitivity values range from 0.17 (V23) to 0.48 (V41). The average mean 
sensitivity for thin sections is 0.32 and 0.28 for polished slabs. This difference is not 
statistically significant, and the average sensitivities are nearly equal. Mean sensitivity 
of all sections examined average 0.31.
Earlywood and latewood are well developed in ring sequences. The nature of 
the transition from earlywood to latewood varied between samples, though transitions
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Table 1 Tree ring measurements from thin sections and slab sections of 21 fossil trees.
Specimen Total Rings Ring W id th  (m m ) Annual Sensitivity
Number Measured Mean Standard Mean Standard
Deviation Deviation
Thin sections
VI 29 1.00 0.45 0.43 0.36
H16 21 1.51 0.39 0 29 0,24
V23 15 2.54 1,36 0.17 0.10
V28-1 18 1.14 0.41 034 0.25
V28-2 23 1.48 0.97 0.43 0.01
V31 30 1.39 0 31 0.20 0.14
H39 30 1.36 0,59 0.36 0 30
V41 21 2.23 0.92 0,48 0.37
V52 22 0.85 0.29 0,25 0.20
V56 21 1.51 0.49 0,35 0.20
H65 40 0.77 0.44 0,25 0,30
V82 48 0.62 0.20 0,37 0.26
V84 61 0.66 0.26 0,34 0.24
H90 14 3.13 1.08 0,30 0.30
VlOO 49 0.62 0.22 0,26 0.24
V I07 23 0.88 0.36 0.30 0.20
V1I2 19 1.42 0.65 0.29 0.20
AVERAGE
(Thin sections) 28 1.36 0.55 0.32 0.23
Slabs
H128 65 1.98 0.69 0,30 0,26
H129 46 2.05 0.64 0.20 0,20
V130 35 3.06 1.35 0,29 0.20
V132 24 1.35 0.75 0.34 0.20
H40 54 2.65 1.21 0.28 0.19
AVERAGE
(Slab): 45 2.22 0.93 0,28 0.21
COMBINED
AVERAGE: 31 1.55 0.64 0.31 0,23
Table 2. Summary of latewood and earlywood measurements for 16 fossil trees. 
LW/EW = Latewood/Earlywood Ratio
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Earlywood Latewood LW /EW
Specimen
Number
Total Rings 
Mesured
Mean width 
(mm)
Standard
Deviation
Mean width 
(mm)
Standard
Deviation
Ratio - 
Specimen 
Average
VI 8 2.73 0.73 0.29 0.34 0.12
VIS 6 4.85 1,00 0.25 0.05 0.05
V17 9 2.80 1.42 0.22 0.22 0.08
H22 14 1.91 1.02 0.54 0.18 0.28
V23 13 2.31 1.18 0.31 0.11 0.13
V31 31 1.13 0.30 0.15 0.50 0.13
H39 23 1.20 0.52 0.27 0.13 0.23
V41 12 1.93 0,56 0.21 0.08 0.11
H42 10 4.08 1.13 1.13 0.19 0.28
V51 12 2.64 1 35 0.35 0.24 0.13
V52 21 0.63 0.16 0.10 0.09 0.16
V56 22 1.30 0.37 0.14 0.05 0.11
V82 15 1.20 0.41 0.09 0.02 0.08
V84 33 0.58 0.23 0.07 0.03 0.12
H90 14 2.53 0.82 0.50 0.29 0.20
V107 22 0.61 0.25 0.15 O il 0,25
Average ratio: 0.15
Standard Deviation: 0.07
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Figure 23. Twelve ring series plots illustrating the variation in ring widths. Specimens
VI, H39, and V31 are shown on this page
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Figure 23 continued. Ring series plot for specimens H16, V28, V41
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Figure 23 continued. Ring series plot for specimens V52, H65, V84.
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were more commonly gradual (Figures 22 and 24). Earlywood and latewood 
measurements and ratios are presented in Table 2. Ratios range from 0.05 to 0.28, with 
an average of 0.15.
False rings, examined only in thin sectioned samples, are common and occur 
irregularly throughout ring series (Figure 22). One false ring in a single growth ring is 
most common.
Yellowstone area paleoclimate
Comprehensive studies using paleodendrology on fossil trees of the Gallatin 
Forest were conducted by Ammons, et al (1987) at Specimen Ridge and Arct (Arct, 
1991) at Specimen Creek. These studies were originally conducted to determine 
whether the vertical fossil trees were in situ or allochthonous. In addition, Arct (1991) 
presented and interpreted paleoclimate evidence based on his dendrology data.
Ammons et al. (1987) presented dendrological data without providing paleoclimate 
interpretations. These studies, along with data from the present study, form the basis 
for the paleoclimate and paleoenvironmental interpretation of the Gallatin Petrified 
Forest presented below.
At all three Gallatin Petrified Forest sites (Figure 3) fossil trees record 
seasonality. Annual growth rings were found in all species examined at Cedar Creek and 
at Specimen Creek (Arct, 1991). Distinct growth rings were also observed at Specimen 
Ridge and were used to develop a floating chronology (Ammons et al., 1987). This
56
1.45 mm
Figure 24, Photograph of a thin section from fossil tree V82 showing wide earlywood and 
narrow latewood with an abrupt transition.
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seasonality was likely driven by changes in the length of the photoperiod (Kozlowshi, 
1971; Fritts, 1976; Creber and Chaloner, 1984b; Arct, 1991) and possibly by annual 
changes in temperature.
At Cedar Creek, growth ring widths are relatively large, with maximum ring 
widths of 6.5 mm (Appendix C). At Specimen Ridge, growth ring widths are also large, 
approximately 8.0 mm (Ammons et al., 1987). This suggests a moderate growth rate 
and/or a slightly long season of growth for these trees. Maximum ring widths were 
nearly twice as large (14.0 mm) at the Specimen Creek site as those found at other sites 
(Arct, 1991).
Average mean sensitivity values for all three sites range from 0.28 to 0.44 (Table 
2). At the Cedar Creek site mean sensitivity of 0.31 compares well with an average of 
0.28 calculated from Specimen Creek trees. Mean sensitivity values were relatively 
high in fossil trees examined at Specimen Ridge (Ammons et al., 1987). Ammons et al.
( 1987) reported mean sensitivities which average 0.44 (Ammons et al., 1987). This 
result suggests that these trees were ‘‘sensitive” and responding to a high amount of 
climate variability. The range observed between sites may be due to differing tree 
assemblages. However, Arct (1991) determined that trees shared cross identifiable 
features, regardless of species. On this basis, he concluded that all specimens “were 
exposed to a strong environmental signal” and responded similarly (Arct, 1991) 
Alternatively, the range in average mean sensitivity may be due to environmental 
variations, not yet resolved, between the forests. These variations may include
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differences in substrate topography (steep slope or flat-lying area), tree position within 
its forest (margin or interior), and/or slope aspect (i.e. position on a south or north 
facing slope which exerts a control on the amount of water and sunlight available). 
Increasing the sample number at all three sites and the addition of data from new sites 
may resolve this variation in annual sensitivity across the northern Yellowstone area.
Growth rings from Cedar Creek exhibit a characteristic gradual transitions from 
earlywood to latewood. A gradual transition was also observed in Specimen Creek tree 
thin sections. This suggests that trees in the Yellowstone area were subjected to a slow 
transition from the growing season to dormancy. Width of latewood was not examined 
at the Specimen Ridge site. From photos presented in Ammons et al. ( 1987) trees 
appear to exhibit both gradual and abrupt transitions. Latewood to earlywood ratios 
are relatively high (0.15 at Cedar Creek; values were not provided for Specimen Creek 
but were described as “a large percentage of latewood”) (Arct, 1991). This indicates 
that the majority of tree growth took place under optimal conditions.
Insect activity was noted at both Cedar Creek and Specimen Creek.
Macroscopic borings were observed in a few specimen from Cedar Creek, but were not 
examined morphologically and remain unidentified. At Specimen Creek, the presence of 
microscopic insect galleries was observed in 50% of the Pinus specimen examined in 
thin section. Arct (1991) identified insect gallery morphologies and attributed their 
formation to wood boring beetles, Buprestid and Cerambycid larva. These beetles 
typically infest repressed and dead trees and are not considered likely to have affected
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tree growth. Thus these beetle borings probably did not interfere with climate data 
recorded in tree rings (Arct, 1991).
In summary. Eocene paleoclimate in the Yellowstone area (perhaps a 
microclimate) was seasonal with a possible moderate to long warm, summer season. 
Transition from this warm season to a cool season was gradual, causing a progressive 
change from optimal tree growth conditions to dormancy. Dormancy in tree growth, 
indicated by ring boundaries, suggests that winter months were cold. Tree dormancy 
may additionally reflect seasonal changes in the photoperiod. The range in mean 
sensitivity values between sites may reflect differences between separate forests. 
Insects, which infested trees at two sites, apparently did not affect tree ring width 
distributions reported from the Specimen Creek site Table 3 provides a summary of 
paleodendrological data from these three sites in the Gallatin Petrified Forest.
Relevance of this study in the context of interior US Eocene paleoclimate
Early Eocene paleoclimate in the continental interior of North America was 
warm and equable in basinal areas, as suggested by the presence of rhythmically 
stratified organic rich lacustrine deposits (Picard, 1985; Baer, 1987), abundant tropical 
floral remains (Knowlton, 1922; Axelrod, 1966; MacGinitie, 1969, 1974; Hickey, 1977; 
Sloan, 1994), and lateritic paleosols (Thompson et al., 1982; Fastovsky and 
McSweeney, 1991; Retallack, 1994). During this time, circulation of oceanic waters 
was a major mechanism for the transfer of heat from equatorial regions to the poles
Table 3. Summary o f  Gallatin Petrified Forest paleodendrology data from three 
’’fossil forest" sites. Information was taken from Arct ( 1990) and 
Ammons, et al. (1987).
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Dendrology data Cedar Creek Specimen Creek Specimen Ridge
Seasonality Distinct growth 
rings present
"clearly defined 
annual growth rings 
in all species"
Distinct growth 
rings present
M aximum ring 
width up to 6.5 mm up to 14.0 mm ~ 8.0 mm
Mean
sensitivity
thin sections: .28 
slab sections: .32 
average: .31
0.28 .44*
Latewood/
E a rly w o o d
ratio
Latewood to 
earlywood transitions 
are gradual;
LW:EW ratio: 0.15
Latewood to 
earlywood transitions 
are gradual;
LW:EW ratio:
"large percentage of 
latewood"
Photos show both 
gradual and abrupt 
latewood to 
earlywood transitions 
LW:EW ratio: 
not examined
False rings Present Present Present
Insect activity M acroscopic
boreholes
M icroscopic 
beetle larva galleries
not examined
* value calculated from data presented in Ammons (1987)
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(Barron, 1989). Atmospheric circulation maintained a low latitudinal temperature 
gradient, resulting in a weak circulation which caused seasonal contrasts, as suggested 
by high altitude flora (Shackleton and Boersma, 1981 ; Rea, 1985; Crowley et al., 1986; 
Barron, 1989). The absence of permanent polar ice during the Eocene has been 
attributed to high summer polar temperatures, despite colder winter temperatures 
(Crowley et al., 1986). Models simulating Tertiary geographic and orographic effects 
on atmospheric circulation reveal a direct response between topographic highs and 
climate (namely moisture and temperature), similar to orographic processes ongoing 
today (Manabe and Broccoli, 1990). Related studies and the present study show that 
climate was not warm and equable in all areas within the continent.
Continental paleoclimate indicators typically include fossil flora assemblages 
(Chadwick and Yamamoto, 1984), pollen (Batten, 1984; Farley, 1989), isotope data 
(Stuiver and Burk, 1985), and paleosols (Singer, 1984; Bird et al., 1990; Curtis, 1990; 
Fastovsky and McSweeney, 1991). However, climate modeling has yet to include 
Eocene climate data from high altitude sites (Barron and Washington, 1984; Crowley et 
al., 1986). Climate data from high altitudes can be easily collected through 
paleodendrology and leaf margin analysis (e.g. Wolfe, 1971,1994; Spicer and Parrish, 
1990a; Gregory and Chase, 1992; Meyer, 1992; Gregory and McIntosh, 1996).
Tertiary climate models using paleoclimate data inferred from common climate 
indicators do not systematically predict data. Wing (1991) was unable to correlate 
patterns of Eocene continental temperature, determined from terrestrial flora ,with the
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m a r i n e O  record. The discrepancy was attributed to possible “sampling problems in 
the terrestrial flora, regional climatic evolution in western interior North America, or a 
global phenomenon” (Wing et al, 1991). Additionally, Eocene continental climate 
models have failed to estimate minimum temperature data (Barron and Washington, 
1982,1984; Barron, 1985; Sloan, 1990; Sloan and Barron, 1990, 1992, 1994). This was 
attributed to “limitations of available data,” typically derived from methods that do not 
provide detailed information regarding mean temperature, range in temperature, and 
nature of seasonality (Sloan, 1994).
Paleodendrology and leaf margin analysis together provide insight regarding 
seasonality and paleotemperature. Calculations based on leaf margin analysis 
quantitatively describes the mean and range of temperature and precipitation, while 
paleodendrology provides information regarding seasonality. The combination of these 
techniques can potentially provide high resolution climate data which can facilitate a 
more accurate paleoclimate model. This study, in addition to other Gallatin flora 
studies have been limited to the use of paleodendrology. Future Gallatin floral studies 
should include both paleodendrology and leaf margin analysis. Combining these 
methods could potentially furnish mean temperature and precipitation data for cold and 
warm months in addition to providing mean and range data (Gregory and McIntosh, 
1996).
Paleosol Analysis
The chemical and physical properties of a paleosol are the result of the 
interactions between parent material, topography, organisms, climate, and time (Jenny, 
1941; Birkeland, 1984; Singer, 1984; Curtis, 1990; Fastovsky and McSweeney, 1991; 
Mack, 1992). Clay minerals formed in paleosols are the direct and indirect result of 
decomposition of primary aluminosilicates (McBride, 1994). Rate of decomposition is 
affected by amount of rainfall, temperature, soil biota activity, evaportranspiration, and 
the rate of vertical water movement (leaching) through the medium (Curtis, 1990).
Paleoclimatic interpretations based on the analysis of paleosols require that clay 
minerals be pedogenic (Singer, 1979/1980; Retallack and German-Heins, 1994) 
Pedogenic features and structures (both macroscopic and microscopic) allow for the 
differentiation between detrital clay and clay formed in situ (Mack, 1992). These 
features include color, horizonation, and the presence of root casts and peds. The 
degree of weathering or stage of soil profile development observed in a paleosol reflects 
the duration of interaction between parent material and climate. A mature soil profile 
may develop over a considerable amount of time and indicates a state of chemical and 
physical stability between climate and the substrate (Singer, 1979/1980).
Several studies have shown the relationship between clay mineral formation and 
local precipitation in modem soils (Barshad, 1966; Singer, 1966; Birkeland, 1984). 
Smectite-rich soils tend to form in arid climates (Figure 25a) (Barshad, 1966; Singer,
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Figure 25a. Curve illustrates the proportion of smectite with increasing precipitation 
(annual rainfall) in the weathering environment. Taken from Singer (1966).
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Figure 25b. Curve illustrates the relationship between annual precipitation and mineral 
composition of residual soils weathered from acid igneous rocks. Taken from Barshad, 
(1966).
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1984). In addition to persistent arid or semiarid conditions, low leaching rates will also 
lead to incomplete decomposition of primary minerals. The resulting products are high 
in Si, Mg, Na, Ca and K and lead to crystallization of smectite. Kaolinite-rich soils 
form in wet climates and are indicative of extensive leaching. Figure 25b illustrates the 
relationship between proportion and variety of clay types to intensities of 
precipitation. Leaching in warm, humid climates removes many of the soluble cations 
from soil, leaving a higher proportion of Al, Fe, and Si (Curtis, 1990; McBride, 1994). 
Silicon and aluminum then combine to form the kaolinite group of 1:1 clays. Other clay 
minerals, such as illite, chlorite, vermiculite, and mixed layered clays may occur under a 
range of precipitation regimes (Figure 25b) (Mack, 1992).
Clay mineral composition of paleosols as a paleoclimate indicator has been 
successfully adapted to paleosols and saprolites (weathering horizons) as old as 
Palaeozoic in age and has been applied to a number of studies worldwide (Singer, 1984). 
These studies include early Pleistocene paleosols in central Yukon Territory (Foscolos 
et al., 1977), Quaternary paleosols east of Verdi in Sierra Nevada Great Basin 
(Birkeland and Janda, 1971), Miocene to early Pleistocene paleosols forming on a basalt 
in northern Israel (Singer, 1970), Tertiary paleosols in Montana and Idaho (Thompson 
et al., 1982), early Tertiary submarine laterites on the Iceland-Faeroe Ridge, North 
Atlantic region (Nilsen, 1978; Nilsen and Kerr, 1978), early Cretaceous paleosols 
intercalated with yellow argillaceous sand of the Paris Basin, western Europe (Meyer,
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1976), and middle Pennsylvanian paleosols from an ancient rain forest in Missouri 
(Retallack and German-Heins, 1994).
Field methods
Six short stratigraphie sequences of suspected paleosols were measured in detail 
to document relevant lithologie and pedogenic evidence (Figures 26 to 31). Evidence 
suggesting the presence of paleosols included petrified roots penetrating strata, breccias, 
root casts, and organic litter horizons (Mack, 1992). Sedimentary textures and 
structures were noted and colors were assigned with a Munsell soil color chart 
(Macbeth, 1992). The length of measured sections was commonly determined by 
accessibility or cover. In some cases measured sections were lengthened by removing 
talus and trenching alluvium and poorly lithified rock.
For this study, paleosol sampling was limited to sites adjacent to /w vertical 
trees with roots visibly penetrating strata or with trunk length to root base v^dth ratios 
>1 (Fritz, 1985). Figures 26-31 illustrate the relationship between trees, their roots 
and underlying strata. Sampling intervals were chosen based on color changes and/or 
lithologie changes. In the absent of color or lithologie changes samples were taken at 15 
cm intervals. A total of 59 samples, including field duplicates, were collected from 
strata adjacent to sample sites. Recognizable paleosol horizons were designated with 
subordinate descriptions defined by Mack (1992).
Exp lana t ion
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Pebble conglomerate
Coarse sand
Fine to medium sand
. Fine sand with clay lenses
Coarse to fine sandstone 
with pumice clasts
Silt and clay
Tuffaceous sandstone- 
conglomerate
  Bedding contact
^  Organic debris: needles, 
twigs, leaves, or bark
Organic rich layers 
Modem plants
Explanation of Figures 26 - 31. Each figure includes a photo of one in situ vertical tree 
accompanied by a sketch of tree and detail stratigraphie section.
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Figure 26a. Photograph of fossil tree VI5. Root base width is 2.00 m.
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P2
P3
P6
P7
F8
Sample PI
Massive siltstone. 
[5Y 5/2, olive gray]
Sample P2 and F3
Well sorted coarse grained 
sandstone. [5Y 5/2, olive gray]
Sample P4
Moderately sorted fine to medium 
grained sandstone.
[5GY 6/1, greenish gray]
Sample PS
Moderately sorted fine to medium 
grained sandstone.
[lOYR 8/2, very pale brown]
Sample P6
Poorly sorted angular clasts in a 
crystalline matrix. [5Y 7/2, light 
gray]
Sample P7 and P8
Poorly sorted subangular to angular 
clasts in a cry stalline matrix. [5Y 
7/2, light gray]
20 cm I
40 cm
Figure 26b. Sketch of fossil tree V I5 and associated strata showing location of sampling 
for clay mineral analysis.
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Figure 27a. Vertical tree V82 with tap roots penetrating strata (lower center of 
photo). Rock hammer rests of igneous clast which is surrounded by roots.
Figure 27b. Close-up photograph of root from V82 penetrating strata.
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Sample 111, PI, 112, and P2
p j  Moderately sorted fine grained 
sandstone. [2.5Y 5/3, light brownish 
**2 gray]
m
P3 Sample P3 and P4
Well indurated siltstone and crystalline 
quartz. [2.5 YR 5/3, reddish brown]
Sample P5, P6, and 113
Fine grained sandstone with subangular 
to subrounded pumice clasts. [2.5Y 6/2,
light brownish gray]
Sample 114
O ' o
Moderately sorted fine grained sandstone 
with subangular to subrounded pumice 
clasts. Some bark present. [2.5Y 6/2, 
light brownish
20 cm
40 cm
Figure 27c. Sketch of fossil tree V82 and associated strata showing location of sampling 
for clay mineral analysis. Tree roots grow around a large clast shown in lower center of 
tree.
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Figure 28a. Photograph of fossil tree V46. Buttress roots extend to the left 0.82 m 
beyond the tree stump.
?
Figure 28b. Sketch of fossil tree V46 and associated strata showing location of sampling 
for clay mineral analysis.
Sample III
Poorly sorted matrix sryported pebble conglomerate. Subangular to 
subrounded clasts. |2.SY 6/4, light yellowish brown]
Sample 112
\!oderately sorted coarse grained sandstone with few organic debris.
[2.5Y 7/3, pale yellow]
Sample U3
N/oderately sorted coarse grained sandstone with organic debris including 
bark, few 1 mm rounded clasts. ( 2 .5Y 7/3, pale yellow]
Sam pie 114
%ell sorted fine grained silty sandstone with few organics. 5 Y 8/2. pale 
yellow]
Sample P8
h/assive well sorted fine silty sand. [5Y 7/3, pale yellow]
Sam pie P I  and P9
V assive well sorted line silty sand. Few coarser sand grains. [5Y 7/2, light
gray]
Sample F2 and PiO
h/assive well sorted fine silty sand. (5Y 8/3. pale yellow]
Sample P3 and P l l
K/oderately sorted medium to fine grained silty sandstone. [SY 7/2, light gray] 
Sample P12
%ell sorted fine grained sandstone with silty clay laminca. [5Y 7/2, light gray] 
Sample P4
N/assive moderately sorted fine silty sandstone. [5Y 6 3, pale yellow]
Sample PS
V assive fairly well sorted fine silty sandstone, f 5Y 6/3. pale olive]
Sample P6
Subltly laminated fairly well sorted medium sandstone with fine silty sandstone. 
[5Y 7/4, pale yellow]
10 cm
V.assive siltstone. (5Y 8/1, white]
30 cm
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Figure 29a. Photograph of fossil tree V76. Ferrari cutan vughs are in the lower 
right section of this photo.
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Sample HI
Very fine grained well sorted sandstone. 
Few subrounded coarse pumice clasts. 
[5Y 7/3, pale yellow]
Sample 112
Poorly sorted coarse grained sandstone 
with subangular clasts. Organic rich 
I I 2 horizon at lower contact. [2.5Y 7/3, pale 
yellow]
Sample 113
Moderately sorted medium grained 
sandstone with subrounded clasts.
Organic rich horizon below upper 
contact. [2.5Y 6/2, light brownish
Sample 114
Well sorted medium to fine grained 
sandstone with few coarse grained clasts. 
1 cm thick organic horizon at lower 
contact. [7.5YR 6/3, light brown]
Sample IIS and PI
Well sorted medium to fine grained 
sandstone
with few coarse grained clasts. [2.5YR
6/2,•  a s
4 / -
P2 Sample H6, P2, and P3
Poorly sorted coarse grained sandstone 
n  6 with
subangular clasts. [7.5YR 7/1,light gray]
4 cm
10 cm
Figure 29b. Sketch of fossil tree V76 and associated strata showing location of sampling 
for clay mineral analysis.
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Figure 30a. Vertical fossil tree V49, with length to root width ratio >1, was 
preserved by successive burial.
Figure 30b. Close-up photograph of organic litter and strata adjacent to fossil tree 
V49 (lens cap for scale).
78
&f
n O ^
Mi
79
Sample 1
Organic rich fine silty sand.
1  [lOYR 7/2, light gray]
Sample 2 Poorly sorted normally graded
2  lithic rich coarse grained sandstone with 
some rounded pumice clasts. Organic 
rich at the lower boundary. [lOYR 7/2, 
light gray]
Sam ple 3 and  4 Upper contact is 
normally gradded with subtle low-angle 
cross stratification. Conglomerate is 
^ matrix supported with abundant pebbles. 
Clasts are sub-angular to sub-rounded. 
[lOYR 7/2, light gray]
10 cm
2 0  cm
Figure 30c. Sketch of fossil tree V49 and associated strata showing location of sampling 
for clay mineral analysis.
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Figure 31a. Photograph of fossil tree V75. (Lens cap for scale. )
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/J /  Sample ni
Fairly well sorted fine grained sandstone 
I with few subrounded lithic grains. 
- [2.5YR5/3, reddish brown]
Sample 112, PI, and P2
Moderately sorted subrounded coarse 
grained sandstone. Some silt and few 
PI organics including bark. [5Y 7/3, pale 
yellow]
Sample 113
P2 Moderately sorted medium grained 
sandstone. Lithics are subrounded. [5Y 
H3 7/1, light gray]
Sample 114
jj^  Moderately sorted medium grained
sandstone. Few subrounded .5 cm
diameter clasts and bark. [5Y 7/1, light 
gray]
Sample P3 and 115
n s  Moderately sorted medium grained
sandstone. Lithic grains are subrounded. 
[5Y 7/1, light gray]
10 cm
20 cm
Figure 31b. Sketch of fossil tree V75 and associated strata showing location of sampling for clay mineral 
analysis. Object protruding from center of strata is interpreted to be an exposed root associated with V75.
82Laboratory treatment
Clay minerals from suspected paleosols were analyzed by standard X-ray 
diffraction techniques (Moore and Reynolds, 1997). Oriented <2p, <.5p, and < 2 p 
size fractions were prepared from each sample. Random powder < 2p size fraction 
were prepared from a select number of samples to aid in mineral identification. Before 
mounting, samples were washed with deionized water to remove modem organics and 
weathering products. Samples were gently crushed into a fine powder using an iron 
mortar and pestle. Approximately 1 to 2g of sample were suspended in deionized 
water. Sodium-hexametaphosphate was added to prevent clay flocculation. The 
mixture was then ultrasonically disaggregated to disperse the clay minerals. All <2p, 
<.5p, and < 2p equivalent spherical diameter size fractions were separated by timed 
centrifugation and were then air-dried on glass microscope slides. Once air-dried, 
duplicate samples were saturated in ethylene glycol vapor for no less than 24 hours. 
After preliminary analysis, selected samples were heat treated at 600° C for 2 hours to 
dehydrate the samples to verify the presence of smectite.
X-ray diffraction patterns were produced by a Philips Norelco flat-specimen 
goniometer with CuK alpha radiation at 30 kV and 20 mA and a graphite crystal 
monochrometer. The X-ray diffractometer was calibrated by analyzing blank glass 
slides, randomly oriented quartz powder, and by duplicating oriented paleosol sample 
patterns. All samples were run at a 2 0  range of 0-65°. Digital data were gathered using
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a Radix Instruments, Inc. Databox stepscanner, operating at s = 800 and 10 seconds per 
increment counts with a step size of .2°. X-ray data were plotted and diffraction peaks 
were labeled using Plotdata (Reynolds, 1976).
Results and Interpretation
Stratigraphy o f paleosols and weathered horizons
Fossil tree V I5 and associated paleosol (Figure 26a) are located approximately 
80 m stratigraphically above other units examined in detail. VI5 consists 
predominantly o f an extensive root system penetrating a moderately well differentiated 
paleosol (Figure 26b). The uppermost exposed layer is an olive gray Bt horizon (B 
horizon with clay accumulate) consisting of massive, well indurated siltstone. The Bt 
horizon is underlain by a Bq horizon (B horizon with quartz accumulate) consisting of a 
greenish gray blocky siltstone encased in a crystalline matrix which grades to a brown, 
granular fine sandstone. The lowermost C horizon exposed in this section is composed 
of slightly modified parent material. Strata associated with VI5 are interpreted to be 
paleosol formed in situ as a result of prolonged weathering.
Strata located at V82 (Figure 27a- c) is slightly differentiated, with a vitric 
texture throughout. The uppermost layer consists of a light-brownish-gray moderately 
sorted sandstone underlain by a reddish brown well indurated siltstone (Bt horizon) 
(Figure 27a-c). At the base of this section is a fine grained sandstone which becomes
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rich in organic debris with depth, grading into poorly sorted conglomerate. Strata 
associated with V82 are interpreted to be an in situ paleosol.
Organic litter, composed of indistinguishable blanched woody organic detritus is 
present throughout the field site as thin, 1-3 mm thick, discontinuous lamina These 
layers are generally confined to bedding planes of silty sand or silty clay units. In 
places, organic litter drapes clasts of underlying units.
Of the six fossil trees examined for the presence of a paleosol, three had an 
organic litter layer adjacent to their roots The accumulations of litter associated with 
trees V46 (Figure 28a and b) and V76 (Figure 29a and b) were designated the O horizon 
of a thin A horizon (Mack, 1992). Immediately beneath the A horizon of these trees is 
a layer of clay accumulate, designated Bt horizon. The Bt horizon of V76 contains 
visible ferran vugh cutans (iron rich soil plasma filling disconnected voids (Mack, 1992) 
(Figure 29a). V46 is located in a cave, while V76 is located in a recess between an 
overhang and the more resistant ground surface, preventing an incomplete view of these 
paleosol sections below the Bt horizon.
Two layers of organic litter at and below the root mass of V49 are separated and 
underlain by a poorly sorted coarse sand (Figure 30a-c), which lack any evidence of 
horizonation or other pedogenic features. In the absence of pedogenic features, these 
surfaces are designated as a weathered surface. The >1 trunk length to root base 
(trunk/root) ratio of this tree suggests that it was preserved in place (Fritz, 1985). 
Additionally, thin bedding separated by organic debris suggests that this specimen was
85buried by successive deposition of sediment by debris flows (Figure 30a). Separate 
sedimentation events likely truncated and obscured soil horizonation.
Strata of V75 (Figure 31a and b) lacks differentiation and an associated organic 
litter horizon. Blanched woody fragments protrude throughout the section and are 
interpreted to be petrified roots associated with the overlying fossil tree (Figure 31a).
The absence of vertic features and lack of well developed horizonation for 
paleosols adjacent to trees V46, V75, and V76 suggest a moderate amount of 
bioturbation or rhyzoturbation, though no recognizable trace fossils within these units 
were observed. Bedding planes associated with these trees are interpreted to be 
weathered surfaces, representing immature soil development.
Strata with pedogenic features occurs throughout the field site, though in this 
study paleosols were not analyzed unless they were associate with an in situ tree. At 
one locality near stratigraphie section 1 (Figure 5 and Appendix A), root casts preserve 
the only evidence of a paleosol. Organic rich layers not association with in situ trees 
occurred throughout the field site. The absence of in situ trees, distinguishable soil 
horizons, pedogenic features, and well preserved flora suggest that many of the organic 
rich horizons were allochthonous accumulates and not part of an O horizon. Fluvial 
deposition possibly associated with reworked debris flow deposits explains the 
ubiquitous nature of these organic rich layers.
8 6Clay mineralogy o f  paleosols and weathered horizons
From the six paleosol sections, 52 samples plus 7 field duplicates were collected 
and examined by X-ray diffraction. Samples examined in the <2, < 5 , and <2p size 
fraction gave similar diffraction patterns. Field and laboratory duplicate samples 
reliably duplicated X-ray diffraction data.
A small proportion of smectite, mica, and degraded or vermiculitized mica 
occurs throughout paleosol section VI5. Varying amounts of quartz and X-ray 
amorphous mineraloids are present all through this section. Ethylene glycol saturated 
mounts from samples V15-P2, V15-P3, V15-P5, V15-P6, and V15-P7 display smectite 
peaks ranging from 16.71 to 16.07Â (Figures 32 and 33). Dehydration of these samples 
at 600°C collapsed these peaks to 10Â (Figures 32 and 33). Sample V15-P5 was 
partially dehydrated by evaporating an ethylene glycol saturated sample at room 
temperature. This caused the 16.70Â peak to collapse to a 12.82Â reflection (Figure 
33).
Samples V15-P2 through P4 also show (001) mica reflections with 10.16Â (001 ) 
and 4.95Â (002) (Figure 32), 10.02Â (001) and 5.02Â (002) (Figure 32), and 10.16Â 
(001) and 5.09Â (002) respectively. Samples V15-P1 contain a 10Â (001) with an 
absent (002) reflection (Figure 34), indicating a trioctahedral mineral such as biotite. In 
this sample the 10Â peak is broad and asymmetrical, skewed toward a low 2 0  angle, 
an indication that the mica is vermiculitized (Thompson, 1997, per. comm ).
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Figure 32. X-ray difïraction patterns o f  oriented ethylene 
glycol saturated and heat treated paleosol samples from 
fossil tree VI 5. HT = heat treated samples, EGS = Ethylene 
glycol saturated sample, Pvl = machine peak.
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Figure 33. X-ray diffraction patterns o f oriented ethylene 
glycol saturated, heat treated, and air-dried paleosol samples 
from fossil tree V^IS. HT = heat treated samples, EGS = 
Ethylene glycol saturated sample, Ivl = machine peak.
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Figure 34. X-ray diffraction patterns o f oriented ethylene 
glycol saturated paleosol samples from fossil tree V^IS, V'46, 
V"75, V'76, and V'49. EGS = Ethylene glycol saturated 
sample, Kf = machine peak.
Rock sample V46-P1 from fossil tree V46 section contains a skewed ^
asymmetrical 10Â (001) reflection identical to that observed in V15-P1 (Figures 34).
This reflection is likewise interpreted to represent degraded or vermiculitized mica 
Diffraction patterns from the remainder of this section produced reflections indicating 
abundant X-ray amorphous mineraloids.
Samples examined from sections V75, V76, and V49 contain large proportions of 
X-ray amorphous mineraloids (Figure 34). Quartz was detected throughout section 
V75 in the <2p size fraction. In addition to amorphous mineraloids, sample V49-P1 
produced a number of distinct reflections including an unidentified 6.66Â peak. No 
identifiable clay minerals were observed in any patterns from oriented, randomly 
oriented, or heat treated samples (Figure 34). The lack of abundant clay minerals in 
sections V46, V49, V75, and V76 together with lithologie evidence suggest that 
preservation of these horizons may have occurred at an early stage of soil development, 
before development of well crystallized minerals.
The paleosol section at fossil tree V82 contains a large portion of X-ray 
amorphous mineraloids throughout the section. Samples V82-P1 through P3 are 
comprised exclusively of X-ray amorphous mineraloids. Smectite was detected in 
samples V82-P4 through V82-P6, and V82-IIP2 through V82-IIP4. Ethylene glycol 
saturated samples show 15.59 to 16.71 A (001) reflections. These samples showed no 
diffraction peaks after heat treatment (Figure 35a and b). An air-dried sample of V82- 
11P4 showed a peak at 12.09Â (Figure 35c). This reflection transition is similar to that
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Figure 3 5a. X-ray diffraction patterns o f oriented ethylene 
glycol saturated and heat treated paleosol samples from 
fossil tree V82. EGS == Ethylene glycol saturated sample, 
HX = heat treated samples, IVI = machine peak.
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Figure 35t>. X-ray difïraction patterns o f oriented ethylene 
glycol saturated and heat treated paleosol samples from 
fossil tree V82. EGS = Ethylene glycol saturated sample, 
HX = heat treated samples, fvi = machine peak.
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Figure 35c. X-ray ciifïraction patterns o f oriented ethylene 
glycol saturated and air-dried paleosol samples from fossil 
tree V82. EGS = Ethylene glycol saturated sample, Js/l =  
machine peak.
observed in V15-P5 (Figure 33) and indicates the presence of smectite (Thompson, ^  
1997, per. comm ).
Discussion
At Cedar Creek, two short stratigraphie sections, VI5 and V82, preserve 
paleosols with moderately differentiated horizons, interpreted to be the result of 
immature soil development. The paucity of well developed soil in these units is likely 
related to the high rate of sedimentation driven by local volcanism. Debris flow 
sedimentation truncated soil sections and shortened the time these units were exposed 
to weathering processes. The occurrence of root traces, O, A, Bt, and Bq horizons, 
vertic features and weathering surfaces indicate an immature soil (i.e. developed in a 
period of less than 1,000 years) (Mack, 1992).
The high proportion of amorphous mineraloids observed in X-ray diffraction 
patterns may reflect a parent material rich in volcanic glass. The presence of smectite 
is limited to sections with moderate soil development (VI5 and V82). The presence of 
smectite in these paleosol samples is indicative of low leaching rates and/or climate with 
low precipitation (Barshad, 1966; Singer, 1984; Mack, 1992). This suggests that 
weathering occurred under arid or semiarid conditions, consistent with the presence of 
cool-temperate flora found throughout the Yellowstone area (Fisk, 1976; Ammons et 
a l, 1987; Arct, 1991)
95
The presence of paleosols in the Yellowstone area warrants further 
investigation. Pétrographie, bulk chemical, and stable isotope analysis combined with 
methods described here could be employed in the area to better understand of the 
evolution of these weathered surfaces.
Conclusions
Several conclusions may be made regarding Eocene paleoclimate and 
paleoenvironment in the Yellowstone area. 1) The Gallatin fossil forest at Cedar Creek 
was largely preserved in situ by burial resulting from subaerial debris flows. Debris flow 
deposits are interstratified with braided fluvial deposits. These deposits are lithologically 
and architecturally similar to Eocene units described throughout the Absarokas. 2) The 
orientation o f horizontal fossil trees suggests a northwest to southeast paleocurrent 
direction. This orientation is similar to the orientation of fossil trees at other sites in 
northern Yellowstone National Park. 3) All fossil tree specimens examined at Cedar 
Creek have distinct growth rings which record seasonal variability in climate. An average 
mean sensitivity of 0.31 was determined by growth ring analysis. 4) Latewood and early 
wood transitions are generally gradual, indicative of a gradual transition from optimal 
growing conditions to dormancy Latewood to early wood ratios average 0.15, this 
indicates that a large percent of tree growth took place during the growing season.
5) False rings observed in a number of fossil tree thin section samples may be the result of 
unfavorable climate conditions such as unseasonable frost or drought. 6) The presence of 
discontinuous organic litter horizons was documented throughout the field site.
Weathered horizons and paleosols are weakly developed, and reflect immature soil 
development and/or bioturbation or rhyzoturbation which obscured horizonation 
Evidence supporting these mechanisms include truncation surfaces, trace fossils
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(boreholes in petrified wood), and root casts. 7) The presence of smectite in the 
moderately developed paleosols is indicative of low annual rainfall. This indicates that 
Cedar Creek paleosols and fossil trees formed under arid to semiarid conditions.
Paleoclimate data from northern Yellowstone National Park combined with this 
study indicate that the area was seasonal with a moderate to long growing season. A 
range of mean sensitivities calculated from the Gallatin flora suggests a local variation in 
annual climate changes across the Yellowstone area, but more study is needed to resolve 
the apparent variation in climatic conditions.
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E x p lana t ion
i
Coarse Sand
Conglomerate
A
Organic Zone 
Upright trees
Bedded Sand
Coarse to fine sandstone 
with silt and Clay
Low angle cross stratified sand 
Finely laminated silt and clay
Stumps with 
visible roots
QZ. @  Prostrate trees
Fossil leaves
Stratigraphie location 
of paleosol samples
Petrified tree associated 
with paleosol sample site
Lithology scale describes bed's largest grain size. F= Fine sand, M = medium sand, 
C = Coarse sand, Peb = pebble conglomerate. Cob = cobble conglomerate.
Explanation of Appendix A. Three detail stratigraphie sections 1, 2, and 3 totalling 
245 m of measured section from the Cedar Creek site. Location of measured sections 
is shown in Figure 5. Sections include stratigraphie position of fossil flora and 
paleosols. Sample numbers shown in sections represent field number given to each 
fossil tree; V = vertical, H = horizontal.
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Appendix B - Fossil Tree Field Data
Identification Orientation Diameter
Number (degrees) (m)
Length
(m) Roots
Ring
Count Lithology
VI 0 ,9 0 0.90 0.65 flared based 112 peb cong
H2 105,0 0.20 0.80 no - coarse ss
H3 7 5 ,0 0.40 0,00 no 220 coarse ss
V4 0 ,9 0 0.25 1.00 yes 50 cob cong
V5 0 ,9 0 0.75 0.35 yes 33 cob cong
V6 0, 90 0.80 0.00 yes 320 cob cong
V7 0, 90 0.95 0.23 no 427 coarse ss
H8 151,0 0.45 0.00 no 112 coarse ss
H9 156,0 0.60 0.00 no 330 peb ss
VIO 0 ,9 0 0.12 0.00 no 30 peb cong
H12 142,0 0.28 0.00 no 8 coarse ss
H13 130,0 0.15 0.00 no 23 cob cong
H14 6 0 ,0 0.09 0.70 no 15 coarse ss
V15** 0 ,9 0 2.00 1.10 yes 300 coarse ss
H16 111,0 0.35 0.85 no 61 coarse ss
Explanation of appendix B:
* Trees examined in thin section.
* *  Trees with associated paleosol samples analyzed.
Identification number: Numbers applied to fossil trees correspond to the order in which 
trees were sampled and described in the field. Numbers were also assigned to leaf 
impression samples causing gaps in the tree sequence presented here.
Orientation: Measurements were made using an azimuth (0-360*̂ ) Brunton compass
Vertical trees are oriented 0®, 90®. Trend and plunge is given for thirteen inclined 
non-vertical trees and for all flat lying prostrate trees, with plunge equaling zero.
Diameter: Measurements were taken on exposed trunk cross-sections. Trees V6, V46, 
and V77 have poorly exposed or missing trunks. Their measurements reflect the 
root base diameter. Largest measurements are given for trees with irregular shapes.
Length exposed: Measurements represent tree lengths exposed at the outcrop. Many trees 
encased in rock reveal only a central portion of trunk or one end.
Ring count: Estimate of number of rings for trees is based on field counts. Counts were; 
not performed on poorly preserved or lichen covered trees. :
Lithology: A general description is given for grain size encasing each tree. Peb cong =j 
pebble conglomerate; cob cong = cobble conglomerate; coarse ss — coarŝ  
sandstone; peb ss = pebble sandstone
131
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Identification Orientation Diameter Length exposed Ring
Number (degrees) (m) (m) Roots Count Lithology
V17 0 ,9 0 0.10 0.07 no 35 coarse ss
H18 210,0 0 0 9 0.15 no 8 coarse ss
H19 210,0 0.02 0.17 no - coarse ss
H20 240,0 0.12 - no - coarse ss
V21 0 ,90 0.05 0.00 no 15 coarse ss
H22 215, 19N 0.17 0.12 no 51 cob cong
V23 0 ,90 0.30 0.17 no 45 cob cong
H24 140, 9W 0.25 0.19 no 50 cob cong
H25 235,0 0.26 0.00 no - cob cong
V26 0 ,9 0 0.20 0.14 no 30 cob cong
H27 160, 9N 0.11 1.75 no 7 cob cong
V28 0 ,90 0.90 2.40 no 225 cob cong
H29 230,0 0.20 0.00 no - cob cong
V30 0, 90 0.60 0.60 no 300 cob cong
V31 0 ,90 2.48 1.85 no 575 cob cong
H32 233,0 0.22 0.00 no - cob cong
H33 300, 15W 0.13 0.00 no 37 cob cong
H34 304,0 0.15 0.17 no 12 pebss
H35 305,0 0.15 0.68 no - peb ss
H36 200,0 0.22 1.30 no 444 peb ss
H37 140,0 0.15 0.05 no 30 peb ss
H38 50,0 0.07 0.16 no - cob cong
H39 1,0 0.75 0.00 no 75 coarse ss
H40 174,0 0.30 3.60 no - silty sand
V41 0 ,9 0 0.60 0.50 yes - silty sand
H42 150,0 0.25 0.85 no 37 coarse ss
H43 100,0 0.05 0.19 no - coarse ss
V44 0, 90 0.11 0.00 no - silty sand
V45 0, 90 - 1.30 no - cob cong
V46** 0, 90 0.70 0.80 yes 30 cob cong
H47 30,0 0.90 0.50 no 52 cob cong
Appendix B (continued)
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Identification Orientation Diameter Length exposed Ring
Number (degrees) (m) (m) Roots Count Lithology
V48 0, 90 0.10 0.10 no - cob cong
V49** 0,90 - 1.60 flared base - cob cong
V50 0,90 0.15 0.90 no - peb ss
V51 0, 90 0.50 0.15 flared base - peb ss
V52 0,90 0.60 0.25 no - peb ss
H53 8 ,0 0.25 0.50 no - coarse ss
H54 70,0 0.20 0.13 no - peb cong
H55 90,0 0.19 0.03 no - peb cong
V56 0, 90 0.40 0.90 no - cob cong
H57 65,5 S 0.17 0.20 no - peb cong
H58 185, 23 SW 0.07 1.00 no - peb cong
H59 34,0 0.65 1.50 no - peb cong
H60 125, l o w 0.30 0.03 no - coarse ss
H61 40,0 0.20 0.40 no - peb cong
H62 150,0 0.13 0.20 no - peb cong
H63 135,0 0.25 0.00 no - peb cong
H64 174,0 0.20 0.55 no - cob cong
H64.5 horizontal 0.40 0.00 no - cob cong
H65 40,0 0.20 0.40 no - peb cong
V66 0, 90 0.40 0.10 no - cob cong
H67 44,0 0.09 0.09 no - cob cong
H68 110,0 0.06 0.02 no - coarse ss
H69 155,0 0.20 0.15 no - peb cong
H70 126,0 0.22 0.27 no - cob cong
H71 110,0 0.20 0.06 no - cob cong
V72 0, 90 0.08 0.30 no - cob cong
V73 0, 90 0.30 0.45 no 45 cob cong
V75** 0, 90 0.80 0.65 yes 320 coarse ss
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Identification Orientation Diameter Length exposed Ring
Number (degrees) (m) (m) Roots Count Lithology
V76** 0 ,9 0 0.17 0.37 yes - coarse ss
V77 0 ,9 0 2.20 0.30 yes - coarse ss
V78 0, 90 0.15 0.13 no 120 coarse ss
V79 0, 90 0.20 0.60 no 20 cob cong
H80 3 0 ,0 0.20 1.00 no - coarse ss
H81 140,0 0.07 0.03 no - coarse ss
V82** 0, 90 2.20 2.20 yes 660 coarse ss
H83 130,0 0.12 0.08 no 30 coarse ss
V84 0 ,9 0 1.45 1.30 no 507 cob cong
H85 2 5 ,0 0.34 0.40 no 68 cob cong
H86 7 5 ,0 0.22 0.22 yes n o cob cong
H87 1 ,0 0.43 0.90 no 237 cob cong
H88 153,0 O i l 0.19 no - cob cong
V89 0, 90 0.15 0.29 no 148 coarse ss
H90 106,0 0.11 0.13 no 16 cob cong
V91 0, 90 0.17 0.35 no - cob cong
H92 159,0 0.45 0.07 no 135 silty sand
V93 0, 90 0.23 0.11 flared base - coarse ss
H94 150,0 0.30 0.00 no - coarse ss
H95 132,0 0.14 0.10 no 42 coarse ss
H96 174,0 0.04 0.02 no - coarse ss
H97 170,0 0.11 0.11 no - coarse ss
H98 ? 0.13 0.70 no 26 coarse ss
H99 9 5 ,0 0.18 0.08 no - coarse ss
VlOO 3 9 ,0 0.70 0.60 yes 315 cob cong
VlOl 0, 90 0.19 2.10 no 48 coarse ss
H102 - - - no - cob cong
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Identification Orientation Diameter Length exposed Ring
Number (degrees) (m) (m) Roots Count Lithology
H103 7 ,0 - - no - coarse ss
H I04 130, 6 E 0.31 0.36 no 17 peb cong
H105 125,5 E 0.13 0.15 no 8 coarse ss
V106 0, 90 0.80 0.80 no 320 cob cong
V107 0, 90 1.00 0.60 no 275 coarse ss
H108 75,11 E 0.20 0.01 no - coarse ss
H109 123,0 0.43 0.01 no - coarse ss
H llO 14,0 0.20 0.12 no 40 peb cong
H i l l 32, 30$ 0.06 0.15 no 12 coarse ss
V112 0, 90 0,27 2.10 yes 72 peb cong
H113 160,0 0.13 0.70 no - peb cong
H IM 8 1 ,2 5 W 0.10 0.06 no 32 coarse ss
H115 67, 5E 0.13 0.00 no 10 coarse ss
V116 0, 90 0.50 0.80 no 40 peb cong
V117 0, 90 0.09 0.54 no - cob cong
V118 0 ,9 0 0.20 0.23 no 72 coarse ss
V119 0, 90 0.80 0.45 no 370 cob cong
V120 0, 90 0.70 0.40 no 360 cob cong
H121 3 0 ,0 - 0.40 no 280 cob cong
H122 165, 57 W 0.13 0.29 no 39 cob cong
V123 0, 90 0.30 0.26 no 60 cob cong
V124 0, 90 0.50 0.20 no 150 cob cong
V125 0, 90 0.22 0.33 no 22 cob cong
V126 0, 90 0.07 0.19 no 14 cob cong
V127 0, 90 1.00 0.20 no 200 cob cong
H128 3 0 ,0 1.70 1.50 no 808 cob cong
H129 115,0 0.25 0.35 no 125 cob cong
V130 0, 90 0.20 0.33 no 60 cob cong
V131 0, 90 0.32 0.24 no - coarse ss
Appendix C - Ring width data (mm)
Ring Number VI H16 H22 V23 V28-1 V28b-2
m m i H H H H H H I H H B H H B B B B
1 0.55 1.25 5 11 6.47 1.95 1.72
2 0.98 1.64 4.21 4.21 1.33 1.95
3 1.01 1.40 2.26 3.04 1.01 1 56
4 1.25 2.11 1.29 3.16 2.38 1.17
5 0.39 1.87 1.72 2.89 0.70 1.79
6 0,86 1.17 2.07 2.93 1.05 1.01
7 1.01 1.48 2.46 2.54 1.33 3.82
8 0.78 1.25 2.50 2.42 0.78 3.67
9 0.59 0.94 1 91 2.18 0.78 2.50
10 1.09 1.95 2 18 1.56 1.09 2.34
11 2.26 1.25 1.87 1.56 0.82 1.95
12 1.48 1.25 1.79 1.72 1.17 2.26
13 0.39 1.48 2.42 1.25 0.86 1.09
14 0.86 1.56 1.44 0.98 1.01 0.94
15 0.78 1.56 1.21 1.25 0.94 0.62
16 0.62 1.17 0.98 1.99
17 0.94 0.70 1.33 043
18 0.86 2.03 1.09 0.39
19 1.17 1.64 0.70
20 1.48 2.11 0.55
21 1.48 1.99 0.86
22 1.48 0.35
23 1.79 0.39
24 0.62
25 0.43
26 1.40
27 1.17
28 0.78
29 0.39
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
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Ring U
1 
2
3
4
5
6
7
8
9
10 
11 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
V31 H39
1.09 2.22
1.25 1 91
1.40 1.29
1.01 1.83
1.29 1.17
0.94 1.52
1.25 1.05
1.40 0.98
1.40 1.95
1.37 1.40
1.25 0.47
1.56 0.78
1.68 0.78
1.76 1.64
1.76 1.25
1.64 2.07
1.40 1.40
2.18 1.40
1.25 2.18
1.79 2.61
1.95 2.26
1.52 1.83
1.09 1.44
1.64 0.47
1.40 0.86
0.78 0.62
0.98 0.62
1.09 0.55
1.29 0.94
1.33 1.17
H40
2.40
2.50
2.30 
2.00 
2.20
1.70
1.30
1.70
1.50
1.70 
2.00
1.70
1.50 
1.00 
1.60
1.30 
1.10 
1.00
1.70 
1.20 
1.10 
2.00
1.30
1.90 
1.20
3.50 
2.60
3.00
2.30
3.90
3.10
5.00
2.90
2.00
2.40
3.00 
2.80
3.00
3.40
4.10
5.00
3.10
5.40
2.40 
3.20
V41
2.65
2.93
3.67 
0.70 
1.79 
2.42 
1.56
4.17 
1.64 
2.11
2.73 
2.81
2.18 
0.74 
1.33 
0.94
3.67
2.73 
2 15 
1.87 
2.03
V52
0.70
0.62
0.55
0.47
0.62
0.66
0.70
0.94
0.66
0.98
1.05 
1.56 
0.59 
0.62 
0.59 
0.70
1.05 
1.25 
0.78 
1.33 
1,17
1.05
V56
2.26
1.56 
0.82 
1.40 
2.07 
1.95 
1.72 
2.03 
1.83 
1.17
1.05 
0.82 
1.48 
0.86 
1.91
1.56
2.57 
1.37
1.05 
0.94 
1.25
Ring #
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 
61 
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80 
81 
82
83
84
85
86
87
88
89
90
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V31 V39 H 4 0 (co n t) V41 V52
3.80
3.30
3.00
4.20 
4.10
5.20 
3.70
5.00
4.00
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Ring # H65 V82
1 0.47 0.90
2 0.39 0.86
3 0.39 0.62
4 031 1.01
5 0.59 0.31
6 0.51 0.78
7 0.47 0.59
8 0.27 0.39
9 0.27 0.47
10 0.31 0.70
11 0.62 0.78
12 0.62 0.39
13 0.59 0.31
14 0.39 0.62
15 0.47 0 7 8
16 0.39 0.74
17 0.39 0.98
18 0.70 0.70
19 0.35 0.70
20 0.39 0.78
21 0.39 0.70
22 0.39 0.55
23 0.78 0.70
24 0.78 0.94
25 0.43 0.86
26 1.01 0.55
27 1.48 0.31
28 1.17 0.70
29 1.17 0.55
30 1.17 0.39
31 1.37 0.59
32 1.33 0.82
33 1.64 0.82
34 1.64 0.31
35 0.90 0.51
36 1.17 0.31
37 1.09 0.78
38 1.52 0.43
39 1.64 0.82
40 0.70 0.62
41 0.31
42 0.43
43 0.39
44 0.43
45 0.39
V84
0.90
1.40
0.94
0.51
0.47
0.31
0.43
0.31
0.39
0.39
0.31
0 3 9
0.78
0.39
1.09
0.39
0.78
0.62
0.55
0.78
0.59
0.78
0.62
0.74
0.78
0.51
0.35
0.51
0.74
0.78
0.78
0.66
0.86
0.62
1.68
1.01
0.51
0.78
0.47
0.51
0.70
0.47
0.70
0.78
0.78
H90
4.41
4.10 
2.26 
0.86 
1.21 
3.24 
3.04
4.10 
3.59 
4.17 
4.37 
2.89 
2.85 
2.73
VlOO
0.59
0 6 2
0 7 0
0.59
0.51
0.43
0.39
0.43
0.43
0.43
0.39
0.43
0.43
0.43
0.43
0.55
0.47
0.39
0.66
0.55
0.27
0.55
043
0.62
0.55
0.86
0 9 4
0.70
0.47
0.31
1.09 
0.47 
0.78 
0.62 
0.62 
0.66 
0.55
1.09
1.09 
0.98 
0.70 
1.05 
0.98 
0.70 
0.39
V107
0.82
1.17 
0.62 
0.62
1.17 
1.25 
0.47 
0.47 
0.47 
0.59 
0.47 
0.55 
0.82 
1.83 
1.48 
1.37 
0.94 
0.62 
0.90 
0.94 
1.09 
0.78 
0.86
Ring #
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 
61 
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80 
81 
82
83
84
85
86
87
88
89
90
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_H65 V82 (cont ) V84 (cent ) H90 VlOO (cent )
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0,78
0.59
0.70
0.55
0.70
0.62
1.09
0.62
0.39
0.43
0.43
0.47
0.78
0.39
0.62
0.47
0.74
0.74
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0.78
0.59
0.66
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Ring #
1
2
3
4
5
6
7
8
9
10 
11 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
45
V I12
3.47 
1.33 
1.95 
2.18 
2.18 
1.76
1.48 
1.13 
1.01 
0.86 
1.17 
1.29 
1.64 
1.01 
0.62 
1.21 
0.86 
0.82 
1.05
H128
2.00
2.50
1.90 
1.00
1.30
2.70 
2.20
3.00
3.30 
1.80
3.00
2.30
2.00
1.30
2.50
2.50 
2.00
3.50
1.50
1.50
1.50
1.30 
1.20
1.30 
2.00 
2.00 
2.00
2.50
2.30
3.00 
1.07
1.70
1.90
1.70
1.00
1.50
2.70 
1.00 
0.70 
1.20
1.50 
1.80 
1.80 
1.80 
1.80
H 1 2 9
1.70  
1.10 
2.00 
2.00
1.90  
2.00 
2.00 
2.10 
2.00 
2.10
3.00
2.70
3.00  
2.60  
2.30  
2.10
2.50
1.50  
1.60  
1.80
1.00 
2.00 
1.60  
1.20 
1.60  
1.60  
1.60  
1.80  
2.00 
2.00 
2.00 
2.00 
1.80
1.50  
1.00 
0.90
1.90
3.00
2.00
3.00  
3.40  
3.20
4 .00
2.00 
2.00
V130 V132
6.00 1.00
6.50 3.00
4.50 3.10
5.50 2.50
2.50 1.00
2.50 1.70
2.50 4 .00
2.00 3 .50
2.20 2.50
2.70 3.00
2.70 2.50
3.40 3.00
3.00 3.20
2.50 2.00
3.40 2.00
2.50 2.00
4.00 2.50
3.50 2.50
2.50 2.00
3.00 2.50
1.10 1.00
2.10 2.00
1.00 3.00
1.00 2.50
1.50
2.00
2.60
4 .00
3.00
3.40
3.70
2.00
2.40
4.00
6.00
pith
Ring #
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 
61 
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80 
81 
82
83
84
85
86
87
88
89
90
Appendix C (continued) - Ring width data (mm)
V112 H I28 (cont ) H129 V130 VI32
142
1.80
2.00
1.80
2.30 
2.00
3.30 
2.00 
1.00
2.50 
2.90 
3.10
3.50
3.00
2.50
1.30 
1.70
1.00 
1.00 
2.00 
2.00
2.00
